INTRODUCTION
Retinopathy of prematurity (ROP) is a leading cause of childhood blindness worldwide. 1 The Cryotherapy for ROP (CRYO-ROP) trial found that cryotherapy is effective for treatment of threshold disease (defined as 5 contiguous or 8 total clock hours of stage 3 ROP in zone I or II with plus disease). 2 Subsequently, the Early Treatment for ROP (ETROP) trial determined that treatment of type 1 prethreshold ROP (defined as zone I, any stage ROP with plus disease; zone I, stage 3 ROP with or without plus disease; or zone II, stage 2 or 3 ROP with plus disease) results in improved structural and functional outcomes. [3] [4] [5] Computer-Based Image Analysis for Plus Disease Diagnosis in Retinopathy of Prematurity Plus disease diagnosis is critical for decisionmaking in ROP, as it is necessary for threshold disease and sufficient for type 1 ROP. Plus disease is defined as abnormal arteriolar tortuosity and venular dilation in the posterior pole greater than that of a standard published photograph, which was selected by expert consensus for the CRYO-ROP study and is still widely used. 2, 6 Since that time, several multi-center trials have explicitly stated that a diagnosis of plus disease requires at least two quadrants with the requisite amount of abnormality. 5, 7, 8 In addition, the revised International Classification of ROP defined an intermediate "preplus" disease as "vascular abnormalities of posterior pole that are insufficient for the diagnosis of plus disease but that demonstrate more arteriolar tortuosity and more venular dilation than normal." 7 During the past 10 years, several computer-based systems have been developed for ROP, particularly for detection of plus disease. This has potential to improve clinical ROP management. The purpose of this article is to discuss the recent advances and limitations in current methods for plus disease diagnosis and to review the rationale and previous research involving computer-based quantitative image analysis for plus disease. We will discuss six key challenges faced by investigators in these areas: definition of a reference standard, algorithms for quantifying vascular features, selection of retinal vessels for analysis, combination of parameters into overall diagnosis, development of cutoff points for "abnormality," and rigorous design of evaluation studies.
INCONSISTENCY IN PLUS DISEASE DIAGNOSIS AMONG EXPERTS
Studies have shown that there may be significant inconsistency in plus disease diagnosis, even among experts. The CRYO-ROP protocol required confirmation of threshold disease before randomization for possible treatment. Using standard dilated ophthalmoscopy, a second unmasked certified examiner disagreed with the first examiner regarding diagnosis of threshold disease in 12% of cases. 9 Using image-based diagnosis for identification of plus disease, one study found that 22 experts agreed on the diagnosis (plus vs not plus) in only 21% (7 of 34) of images, with a mean kappa for each expert compared with all others of 0.19 to 0.66. 10 Compared with a reference standard defined as the diagnosis selected by a majority of experts, the sensitivity of those 22 experts for plus disease diagnosis ranged from 0.31 to 1.00 and the specificity ranged from 0.57 to 1.00. 11 In another study, three experts were asked to grade vascular tortuosity and dilation with three-level categorization (plus, pre-plus, neither plus nor pre-plus) in each quadrant of 181 images. 12 These three graders disagreed on the presence of plus disease in 27% (18 of 67) of images after excluding normal images. Limitations in diagnostic accuracy and reliability may be caused by subjective and qualitative interpretations regarding the level of dilation and tortuosity sufficient for plus disease.
QUANTITATIVE IMAGE ANALYSIS
FOR PLUS DISEASE Quantitative image analysis of retinal vascular dilation and tortuosity using computer-based systems has potential to result in a more accurate and reproducible diagnosis of plus disease. Similar techniques have been used for many years for other ophthalmic diseases. Individual measurement techniques devised by Parr and Spears were used to quantify arteriolar narrowing secondary to hypertension. 13, 14 Hubbard et al. developed formulas to analyze venular changes and to calculate an arterioleto-venule ratio. 15 Larger arteriolar and venular diameters have been associated with progression of diabetic retinopathy and hypertension, 16 and coronary heart disease in women has been associated with a lower arteriole-to-venule ratio. 17, 18 In infants, there are three portable devices currently used to capture fundus images. The RetCam (Clarity Medical Systems, Pleasanton, CA) is a wide-angle digital camera that requires contact with the cornea and provides 640 3 480 pixel resolution. It has been widely used throughout the world for studies involving telemedicine for ROP diagnosis 10, 12, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] and for image analysis in plus disease. 30, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] The NM-200D (NIDEK Inc., Fremont, CA) is a narrow-angle noncontact 30° digital camera. 43 It has been studied for ROP screening and for image analysis in plus disease. [39] [40] [41] 44, 45 Finally, the Kowa handheld fundus camera (Kowa Optimed Inc., Torrance, CA) has also been used to study image analysis in plus disease.
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CHALLENGE 1: DEFINITION OF A
REFERENCE STANDARD Rigorous evaluation of computer-based systems requires a reference standard that defines the correct diagnosis for a given image. By definition, a "gold cme ARTICLE standard" should have complete accuracy and consensus. 46 This creates challenges because studies have demonstrated imperfect agreement among experts. 11, 12, 47 Studies evaluating the performance of image analysis systems for plus disease diagnosis have used approaches that differ based on several features.
Number of Experts Determining Standard
Some studies have used the opinion of a single expert as a reference standard for comparison. 35, 37, 40 Others have combined the opinions of multiple (n = 2 to 22) experts using methods such as majority vote or discussions to obtain consensus. 10, 11, 30, 32, 38, 42, 47, 48 To examine the difference between approaches, Koreen et al. compared diagnosis obtained by using majority vote of 22 experts to the diagnosis obtained by consensus of 3 expert authors after group discussion and found that the same diagnosis was obtained in 90% of cases.
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Method of Examination Used to Determine Standard
This may involve standard clinical examination using indirect ophthalmoscopy or expert review of retinal images. Most groups have obtained reference standards using expert review of digital images with the rationale that these same images are analyzed by a computer-based system, that potential biases might occur if additional retinal features were visualized during indirect ophthalmoscopy diagnoses, and that telemedicine interpretation of retinal images has been shown to be accurate compared with indirect ophthalmoscopy. 10, 11, 19, 21, 22, 24, 25, 30, 32, 38, 42, 44, 45, 47, [49] [50] [51] Other groups have determined presence of plus disease based on ophthalmoscopic examination.
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Image Field of View
In studies where the reference standard is determined by expert review of retinal images, different fields of view have been used. Because the standard photographic definition of plus disease includes only the central retina, 2 some investigators have cropped images to include only this area. 30, 32, [52] [53] [54] Other investigators have cropped images to exclude peripheral ROP while including mid-peripheral vessels, with the rationale that experts may have difficulty diagnosing plus disease based only on the appearance of central vessels. 42 The NM200D camera provides narrow field images so that only 30°, typically centered on the optic nerve, are analyzed. 39, 43, 45 
Information Provided to Experts During Image Review
In some studies, experts have been asked to identify the presence of plus disease by comparing retinal images side-by-side to an image of the standard published photograph. 2, 12, 25, 30, 32 In other studies, experts have been asked to identify presence of plus disease based on an individual's judgment without any reference materials, with the rationale that this might better represent real-world diagnosis. 10, 11, 24, 25, 38, 47, 48, 55 
Eye-Level Versus Quadrant-Level Evaluation
Some studies have asked investigators to provide an overall diagnosis for each image (eg, plus vs not plus), with the rationale that presence or absence of plus disease is inherently a characteristic of an entire eye. 10, 11, 38, 47 Other studies have asked investigators to grade each retinal quadrant for presence or absence of vascular dilation and tortuosity (eg, "dilation sufficient for plus disease in the superotemporal quadrant") and have considered an eye to have "plus disease" if two or more quadrants were sufficiently abnormal. 11, 12, 30, 32, 48 The rationale for the latter approach is that it may provide more detailed information regarding expert opinions about vascular abnormality.
Grading Scale
The International Classification of ROP uses a two-level (plus vs not plus) or three-level (plus vs pre-plus vs neither) grading scale. In most published studies, experts have been asked to use these established two-or three-level scales while grading images with the rationale that these scales are clinically relevant. 10, 12, 30, 38, 47, 48 Other studies have used a 10-level scale for grading vascular dilation 33 or an 11-point scale for grading vascular abnormality. 42 cme ARTICLE 2 months. 34 Based on the observation that vessels that become tortuous from plus disease did so with a characteristic spatial frequency, they developed a numeric index based on spatial frequency.
Heneghan et al. developed a program called Vessel Finder, which calculated both vascular dilation and tortuosity by first identifying a binary mask representing segmented retinal vessels. 35 Tortuosity was defined as the ratio of distance along a vessel to the straight-line distance connecting the end points. The smallest width at every point in the vessel was identified and average vessel width was calculated along the entire vessel segment.
Wallace et al. developed and refined a program called ROPtool. 30, 33, 54 In a 30° area centered on the optic nerve, vascular tortuosity is calculated by measuring a smooth curve along points on an arteriole or venule, then calculated as the ratio of total length of the vessel to the length of the smooth curve. Vascular diameter is calculated using profiles of vessel cross sections. This was recently modified, allowing analysis of both dilation and tortuosity with ROPtool. To standardize for differences in image magnification while computing vascular diameter, image sizes are normalized using the distance from the optic disc to the macular center. 33 Gelman et al. developed a program called Retinal Image multiScale Analysis (RISA), which calculates both arteriolar and venular tortuosity and dilation (Fig. 1) . 37 Tortuosity is represented by integrated curvature (radians/pixel), which is the sum of angles along the blood vessel normalized by vessel length, and by tortuosity index (unitless), which is the vascular arc length divided by the linear distance between the start and end points of the vessel (Fig. 2) . Mean vascular diameter (pixels) is calculated as the total area of the vessel divided by its length.
Rabinowitz et al. evaluated a semi-automated program called VesselMap, which measures diameters of arterioles and venules (described in arbitrary units) by examining brightness indices perpendicular to vessel lengths within 2 disc diameters of the optic nerve head. 39 
Wilson et al. developed the Computer-Assisted
Image Analysis of the Retina (CAIAR) program, which measures vessel width and tortuosity. 42 They tested 14 methods of calculating tortuosity and two methods 45 on a more recent project in which CAIAR and IVAN (Vasculo-matic ala Nicola version 1.1, which evaluates vessel width alone) were used together to analyze images. In this study, arterioles and venules were assessed separately using NIDEK images from the NM200D camera (30°). CAIAR measures vessels from the edge of the optic nerve, whereas IVAN uses vessels at least 1 disc diameter away from the optic nerve head. Arteriolar tortuosity measured by CAIAR and venule width measured by CAIAR and IVAN were best at identifying plus disease based on receiver operating characteristics analysis (area under the receiver operating characteristic curve [AUROC] 0.91 using CAIAR venule width, AUROC 0.92 using CAIAR arteriole tortuosity, and AUROC 0.91 using IVAN venule width).
CHALLENGE 3: SELECTION OF VESSELS FOR ANALYSIS
The International Classification of ROP defines plus disease as arteriolar tortuosity and venular dilatation greater than or equal to that of a standard published photograph. 2, 7 This suggests that arterioles and venules should be analyzed separately, although there are no guidelines regarding which specific retinal vessels are most important to consider. Published studies involving computer-based plus disease diagnosis have taken different approaches regarding the selection of vessels to analyze, or whether arterioles and venules are differentiated in analysis.
In several studies, all vessels were analyzed and modeled together without regard to whether they were arterioles or venules. 30, 32, 35, 42, 53, 54 In a recent publication, Johnston et al. addressed two questions: "Can examiners accurately discriminate between arterioles and venules?" and "Is identification of 'tortuosity sufficient for plus disease' (or for pre-plus disease) most accurate when evaluating arterioles, venules, or both?" 48 Eighty-three percent of the time, arterioles and venules could be discriminated accurately by experts in that study. "Tortuosity sufficient for plus disease" was most accurate when evaluating arterioles (AUROC 0.97), although images were excluded from that study if an arteriole or venule could not be analyzed in any of the four quadrants.
In other studies, arterioles and venules have been analyzed and modeled separately using computerbased systems. 11, [36] [37] [38] 40, 45, 47 Published work using the VesselMap program has only analyzed temporal vessels, using one arteriole and one venule from the superotemporal and inferotemporal quadrants of each eye. [39] [40] [41] Published work using the RISA program has analyzed arterioles and venules that could be identified and processed in the eye to minimize potential subjectivity in vessel selection. 11, [36] [37] [38] Several groups have demonstrated that there did not appear to be significant differences when using the most "abnormal" vessels in an eye as compared with the mean values from all vessels in the same eye. 11, 30, 47, 53, 54 
CHALLENGE 4: COMBINATION OF PARAMETERS INTO OVERALL DIAGNOSIS
The image analysis algorithms described above produce quantitative measurements for individual retinal vessels. Investigators have used various methods to combine these measurements of individual vascular parameters into an overall diagnosis for an eye.
Strategies for combining vascular dilation and tortuosity are based on the assumption that these are the key parameters to be used. The International Classification of ROP states that plus disease should be defined by arteriolar tortuosity and venular dilation within the central retina. 2, 7 However, it is possible that other characteristics, such as vascular branching, vascular congestion, or the appearance of peripheral disease, may be considered by experts while assessing plus disease. Techniques from cognitive science, such as think-aloud methodologies, may provide insight about retinal features that are truly perceived as important for real-world disease management. 56 In the future, these findings could be used to develop image analysis methods that better represent the performance of experts. More recent studies by Chiang et al., 47 Johnston et al., 48 and Shah et al. 45 have begun to combine parameters to find the "best" combination for reliable diagnosis of plus disease. Although each group varies in its approach, all of the groups are trending toward using similar combinations to define plus disease.
Linear Combinations of Individual Parameters
Using the RISA system, linear combinations of individual parameters have been used to find groups of features with the best sensitivity, specificity, and AUROC. For example, integrated curvature, cme ARTICLE tortuosity index, and vessel diameter, calculated separately for both arterioles and venules, have been combined linearly. Given the definition of plus disease, one may expect that arteriolar integrated curvature, arteriolar tortuosity index, and venular diameter would have the best combined sensitivity and specificity as compared with expert opinion, although this does not always appear true. In a recent study by Chiang et al. using RISA, arteriolar and venular integrated curvature and venular diameter proved the best combination of parameters, with the highest AUROC (0.96) and a sensitivity and specificity of 0.94 for identification of plus disease. 47 
Combinations With ROPtool
ROPtool analyzes venules and arterioles separately. A recent study by Johnston et al. 48 showed that the use of arterioles alone, or using arterioles and venules together, provides good diagnostic accuracy for ROPtool's determination of "tortuosity sufficient for plus or pre-plus disease." On the other hand, venule tortuosity alone did not have good diagnostic accuracy. AUROCs for identification of "tortuosity sufficient for plus disease" were 0.91, 0.70, and 0.93 for arterioles, venules, and both, respectively. 48 A recent study (Cabrera M. T. F. S., et al., unpublished data, 2011) assessed five methods of combining ROPtool measures of tortuosity and dilation. The authors found that a "tortuosity weighted plus" algorithm, which increased the contribution of vascular width as tortuosity increases, had the highest diagnostic accuracy (AUROC 0.94). Thus, ROPtool is able to generate a clinically meaningful quantitative description of the overall amount of vascular abnormality.
Combination of CAIAR and IVAN
CAIAR measures width and tortuosity and IVAN measures width of retinal arterioles and venules. Shah et al. 45 combined the measurements of CAIAR to the vessel width detected with IVAN. In CAIAR, mean tortuosity of venules and arterioles was found to increase significantly with the severity of ROP, whereas arteriolar tortuosity had the highest correlation with disease status. Arteriole tortuosity measured by CAIAR and venule width measured by CAIAR and IVAN were the best parameters for identifying plus disease based on receiver operating characteristic analysis. Venule width and arteriolar tortuosity measured by CAIAR had an AUROC curve of 0.91 and 0.92, respectively, whereas venule width detected by IVAN was 0.91.
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CHALLENGE 5: DEVELOPMENT OF CUTOFF
POINTS FOR "ABNORMALITY" There are a variety of ways that a computerbased system may determine a precise cutoff to quantitatively separate "plus" from "not plus" disease. The use of objective methods has potential to remove the "grey areas" of plus disease diagnosis. 9, 10, 12, 24, 25, 30, 47 Possible approaches include comparison with the standard photographic definition of plus disease, using the opinions of expert graders, and examining long-term clinical outcomes.
Many groups have used expert opinions to identify a cutoff point of abnormality for plus disease with the rationale that the gold standard for ROP diagnosis is considered to be examination by an experienced ophthalmologist. 11, 30, 32, 35, 37, 38, 42, 57 In particular, some studies have used majority vote consensus of a larger number of experts who review the same retinal images, 10, 11, 38 whereas other studies have used a single expert's opinion or the consensus of two to five different experts. 32, 35, 42, 48, 53, 57 A limitation of this approach using expert opinions is that the agreement of plus disease diagnosis among experts has been shown to be imperfect. [10] [11] [12] 25, 47, 55 Similarly, if only a small number of experts is used to generate a cutoff, this may bias toward the perspectives of those specific experts.
Another approach is that retinal arterioles and venules from the standard published photographic definition of plus disease may be digitized and analyzed, and the dilation and tortuosity of these vessels may be used as a cutoff for abnormality. In one study, the computer system judged that an image had "plus disease" if two or more quadrants had dilation and tortuosity at least equal to the average dilation and tortuosity in the standard photograph. 32 Limitations of this approach are that the magnification of the standard photograph is larger than that of indirect ophthalmoscopy, whereas the field-of-view in the standard photograph is much smaller. In particular, Gelman et al. 58 recently used computer-based image analysis to determine that the arteriolar tortuosity and venular dilation of the standard photograph were lower than what was used by experts for diagnosing "plus disease" in an independent set of wide-angle retinal images. This raises questions about whether the standard photograph is truly representative of expert opinions, and whether the non-standard magnification and field-of-view should be addressed. 58 Finally, plus disease is defined using vascular cme ARTICLE appearance at a single point in time, yet vascular abnormalities actually evolve over time. Studies have shown that more rapid change in vessel appearance is associated with worse disease outcome and progression toward ROP requiring treatment. 35, 36, 41, 52, 53, 59 It is possible that future definitions of plus disease based on the quantitative change in vascular appearance over time, rather than the appearance at only a single point in time, might create more opportunities for ROP management using dynamic principles. 41, 60 A recent study used ROPtool to calculate blood vessel tortuosity and dilation in several series of images from the same eyes, allowing quantification of change in these two parameters over time.
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CHALLENGE 6: RIGOROUS DESIGN OF EVALUATION STUDIES Ultimately, the performance of computerbased image analysis systems must be evaluated using rigorous studies. This may be challenging for many reasons. Use of a three-level (plus vs pre-plus vs neither) compared with a two-level (plus vs not plus) grading scale might create difficulty in defining gold standards if experts diagnose inconsistently with different scales. 10, 11, 30, 32, 37, 38, 47, 54, 57 Expectation bias may occur if authors include themselves as experts while defining reference standards for plus disease. 11, 12, 32, 33, 37, [47] [48] [49] 52, 54 Differing magnifications and/or fields-of-view might also bias experts, particularly if they are unfamiliar with correlating the appearance of retinal images to what is seen during standard indirect ophthalmoscopy. 11, 30, 38, 47, 48, 56, 60 In some studies, experts were given the standard photograph as a guide while reviewing images to create reference standards, which might result in bias by creating an artificial environment for plus disease diagnosis. 32, 54 In other studies, experts were not given any references, which might increase diagnostic variability to the extent that some experts may be less familiar with image-based diagnosis than others. 11, 38, 47, 56 The rigor of future evaluation studies may be improved by attention to these details.
CONCLUSION
Significant strides in image analysis for ROP diagnosis have been made during the past 15 years. There are now a variety of tools available to analyze tortuosity and dilation of retinal arterioles and venules. Direct comparison of different computer-based methods, using the same image sets, would be a step toward identifying and perhaps combining the best features of each tool. Persistent challenges include the absence of a solid clinical reference standard and a lack of consensus regarding the specific clinical features and pathophysiology related to onset of plus disease. Further research in these areas has potential to create more objective, quantitative methods for plus disease diagnosis that could improve the standardization and quality of clinical care.
